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Nu

TF

NQLIEMO LATUARS
Distance between plates or thickness of the flvid layer
Nusselt Number
The order of the marginally stable mode in Vthe Malkus thecry
Prardt! number
Rayleigh aumber
Critical Rayleigh number for the onzet of corvection
Absolute Temperature
Temperature of the bottom plate
Temperature of the top plate

Center-line temperature or reference temperature

= (T, + T,V /2
Temperature at z above the bottom plate {or below the top plate’

Coordinate in the vertical direction above the bottom plate {or

below the top plate}

Pimersionless tempervature difference
= 2{TF - Tz) ;'{Tl = TZ)

{Usually the absolute value s taks:)



NTRODUCTION

The purpese of the present nvestigation .8 to measure the

i3

heat travsfer and meen temperaturs distribution with turbulent free
convectiow ir an air layer heated frorn below with corstant nen-slip
boundaries. A Mach-Zehzder interferometer is used to measure the
temperature field. The Mach-Zehnder {sterieromeier has been used

i various heat transfer studies {1, 2, 3) and it has shown

tc be capabhie of giving very accurate results. Slnce a light bzem

has nc imeriia, it is especially suitable for meeasuring rapidly vazying
turbulent flow. ™ is not possible to measure the mean temperature

of turbuleni coxvection in the usuzl sense of taking fime aversge at part-
icular position. Zhsteazﬂ with time exposure of the inteviercgram, the
interferomeier gives a combinred space arnd time average of the
temperature field. The light beam integrates the temperature fluctuaiicis
along its path, and the film integrates the varying interference patters
over the time of exposure. It is felt that, with a large ennugh system and
4 long enocugh time exposure; the interferograms do represexnt the true
mear time temperature field. This essentially assumes that the time
average at a fixed locatio» is equal tc the combined spatial-time average

actually measured.

of "nim Lemperaiure (inld as the fluid tover 5 B2atod conff nrousi




CHAFPTER

EXPERMULTAL APP AR ATUS ANL FROUTLURE

Experimeitel Apparatus

The vest aectior coFlaine two aluminum plotes  They are hois
horizontally and par«iiel tu eosvch otber The air gup Detween these piatas
is enclosed by fasulatior Two glass w.kdows perrm:t the tassage of .

-

light beam through the ae gap g | sbows on cverall sabemat o o

test srction
The cluminum plates arve coebh 1 1/47 x 30" x 20 Vheys has
gronves cut u the badck for tus cuirendat vun of water to marni2:r e2 b oplose

at 2 constawt temp2rature The grooves are 1/2" vide Lad 4/4 deon

They wre in the form of 4 {latlsn-t dourle hetin 8o that the flow 3 rostnon s
in two adjue2at chariels atTe aiviys upocsae vg 2 walize (be plaie temp-- -
ture. The back s:de of the pluie & made of + juarter neh sluminam plate

glued and s« rewed over the charne! webhs  The alumum surfaces enclos: g

the tluid laver have beer mach:ned 5o that within the ¢2ntral span of the olat-

z 0L ama the

where the data are taker. toe top platz is flay to within
hottom plate 18 flat £ vith:p 20 0005 Towrards the corvers of the

s

plates they are sisil Tlat Lo wetasio C 035

The plat= tempoanir€s are . o Irelie] By IRe Leo oot s ternp
eratar = w by biaihs BT N B R N LT o3 EIES s 1 AN EA
s{gg};{f;; AET FErSame T oo 30 e apr e e Pl e s 3g LI ML
a sevP ju- . o, sLpd T careiantds Hle o o s T ash p e T 2a8MERS

the plote fr npspavgrs



The bottom plate is held horizowtally. The tgp plate is supporisd
by the bottam plate through bakelite corner supports with wrovieion

Pty

made for adjusting the vertizal spacizg. There is also a plexiglazs s

red
I

on each correr. The top plate is adjust>d parallel to the boitom: tlain

within 0.002", The iringes in the region close to the wall are not elways

clearly defized. Therefore, there is a smali reference 3
from each plate to be used as reference points (o determing the lozatin
k

of the wall,

RN

o

The glass windows for the passage of the light beam are made
optical glass. They are cach 6" in diameter and 1 mm i1 thickness.
Fach window is uniform in thickuess to within 1/8 wave length of the
mercury light {5461 3:}. The windows are {irst glued ou bakellie frames
end then fitted onto the openings cu ths insulation walls. The whole test
section is insulated by styrofoam plates.

There are three stzel balls attached to the backside of thre beitom

plate. They rest oa trizmguler veblocks {ixed to the {est section mount.

The mournt is made of angle iron. There are set screws on each l#g of

Q

the mount and under the v-block ass&mably to hold the test plates horiz

The mount {s equipped with a hydraulic jack locatezd diracily under the tast

section. The hydranlic jeck is used to 1ift the test section ouf of the Lght
passage wher adjustimerts are mede on the fulerfsrometer, Az ovevall

view of the apparatus with the Mash-Zehnder fnterferonierer I5 shown &

Fig. 2.
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Exyerimertal Procedure

‘The imitial aligement procedures of the Mach-Zehrder ‘nterfero-
-neter are stand-rd. They are described in the report by Eckert, Drake.
and Soehngen (1%,

After the initial alignment of the intzrferometer, the test s :tion
is put imty the t2st arm of the interferometer for fine alignment of the
test section with the interferometer. A Nikom 35 mm camere with 10.5
cm focal lergth lens is used both to view and to record the interferograms.
A minus 3 and 2 minus 1 auxiliary lens are used to focus the images on

the camera screeu. The camera is focused on the reference pinms which are

located in the focal plane of the Imterferometer.

A white light is directed

to the pins through the test section window while the camera is being
focused.

The final alignment is to make the test plates horizontal and to
adjust the relative position of the intérferometer and the test section,
so that the interferometric light beam is parallel to the central axis of
the test section. First, the central axis of the test chamber is adjusted
parallel to a vertical plane coutaining rays of the interferometric light
beam. Two pins are taped at midpoint of each of the width sides of the
bottom plate. The c2ntral axis is parallel to the vertical plane when the
imagés of the two pins coincide on the camerascreen. The plates are thex
aligned horizontally by a preecisicn level. The light beam s made parallel
to the plaies through the adjustable aprings which suspead the interfero-
meier. Ore can judge whether the light beam is parailel to rhe plates by

looking at the intersections of the vertical {ringes with the plares
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A vertical fringe or encount2ring a horimoutal surface does uet bend ia
either direciion if the suriace and the lght are parailel. If the surface is
turned slightl; in either direction, the fringes are deflected on ezcounteriag
the surface. Since the plates are parclizl only within 0,002%, ouly cve

plate (i, v,, bottormn ome which is one from which temperature prefiles

are usuilly measursd) can be aligned pavalle!l to the light beam. The

entire [ine alignment procedurs is repeated, if mecesszary, until the pletes
ars properly aligred with the isnterferometer in every divection.
With all the alignmewt prose @3 completed, the heat travsfer ron

begins. The plates ave set at the room femuperature for at least two hours
before each run, to make sure that the ais ju the test section ss at the raom
temperature. The straight fringes ave zligped with a verticel plumb lice

After the completion of the fire aliginment, the test section is jacked out

of the light passage. A pictuve of a precision scale held vertically is ralen

with the scale placed at the focal plane of the irterferometer., The picture of

the scale is used to obtali: the scale factor for evaluating the laterfarograms
for each run.

The test sz2ction is thes lovered and each plate is sa2t ot the desired
temperature. [e order to minimize the heat loss through the glass windows

and reduce end effects. the jempervature of the

plate are st vqually above and brlow ik

. 2 Al
plate e e Lo, Ap 1if The nlatés av
maintain iveg for e do twe hours hefors (he inde
ferograms are taken, A 8row sell balasiipg potaitiomelsy (8 usesd o ooor



the EMF output of the thermopiles in the two plates,
Xodak Panatomic-x 35 mm film is used to record all interfero-grams.
A piec: of plastic vellum reduces the light intensity of the mercury lamg.
The ¢ffect of the vellum is about the same as a 10% neutral density filter
for the green light. The cxposure time is 90 seconds with the shutter fuily
orfa. An dddii:ionél 25% natural de;nsity filter is used for taking 5-minute
ti.ne exposures. It is found, however, that 90 second time exposurc is
asually sufficient to obtain an average of the flucteating fringe pattern of
tarbulext connvecticn., For the runs oun the onset of convection, 10 second
exposures without the plastic vellum are used. Three to five interfero-
grams are taken for each temperature difference, Two to five temperature
differences are used for each run. Acufine fine grain de*-.:elopei' 's used

to develop the films.
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CHAPTER 71
RESULTS AND DiSCUSSION

I. Turbulent Regime
A. Heat Trawvsfer Results
The majority of the data are taken at two plate spaciags.
The following table summarizes the rasge of the data taken:

Plate Spacings lInterplate Temperature Rayleigh Number

Vi

17.15 cm aad 10.75 cm  5.67C to 11, 70C 6.88 x 10° £0 5,73 x 10°
The heat trawsfer coefficients are ~alculated by ssing Fourier's
law of comnduction at the wall. The slope cf the temperature disiributicn
at the wall is obtained by a least square straight line fit of data points wear
the wall, The same computer program also calculates the Nusselt sumber
and the Rayieigh number for each run.
Nusselt numbers ard Rayleigh numbers are correlated in two ways.,
For high Rayleigh numbers (Ra >1.5 x 1063, one-third power law fits the

data well., The best fit is
' i/3
) /

Nu = 0.067 {Ra Ra >1.5x 106 i3

® o
The standard deviation of data points from ejuation (1) is 4.7%. The best
fit through the whole range of the data gives

0.2
Nu = 0.1777 {Ra)" " 208! 23

b 1 ... . . . . . ,
The stardard deviatinonused rere ‘s a fraci’onal deviation. & s
the ratio.of the stz dard goviztion of “he zoefiicingt i 1he heat transfer

correlation ¢-.¢ the test value of the coef{iciext,




If vne uses the usually assumed one-third power law over the whole
~ange of Ra, the correlation is

Nu = 0.069 {Ra)'’ > 3
E juations {2} and {3) give results within 5% in the whole data rawge.
The heat tramsfer correlations are plotted in Fig. 3 and Fig 4. The
standard deviation of the data points from ejuation {2} is 3 5% whereas
for equation {3}, it is 5.3%

The recent experiment by Globe and Propkin 4), using water and

silicone o-i'l as working fluids, yields exactly the same resoults as e uation
+3) when the Pr of air is used in their correlation. In Silveston’s summary

{5) of all the available existing data for the heating from below problem,

the Nusselt number is given as

Nu = 0.104 (Ra)o°305 (R) 0.084 {4}

Since the expornent is different from the present experiment, e -uation {4! is
plotted together with the present result in Fig. 4 for comparison. They are

in very good agreement.

B. Temperature Distribution in the Fluid Layer
Because of the restricted dimension of the field of view of
the interferometen only the lower part of the temperature field is evalunaied
with the present spacings. A typical fsterferogram is shown in Fig. 5. A
typical temperature distribution in the form of 8 versus z/0 is plotted ir
Fig. 6. The profile has the geceral shape that oue would expect. A steep
gradient exists near the wall and decreases a5 ove goes further into the

fluid, Finally. the fluid appears to reach the center-line temperature,




~
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From that poiut on, the mea= iemperature s alinost +pnstant unill the
vicinity of the upper plate. In vther words, theve exfsts 2 turbulent core
in the fluid layer where the temperature gradiznt is srarly a¢ro. Aa over
shoot of the temperature profile cuiside the bowndary as predicted by many

aumerical calculations {63 {7) 8} 19} 10} i3 .0t found in the presant expervi.

ment.

The Malkue theory predicts the temperature distribuation *n the fluis

layer to be

.7 1
IR Ter aae o
2 n
o

and
1 ,Z -1 R
= s o S U
‘D A

where {noﬂb is simply the Nueselt number {12). In order to make com-
parison with the Malkus theory. the temperature distributions are ploif=:i
on log-log scales. If the Malkes theory is valid. there should bz ¢ poxiion
of the curve that would f't to a straight 1"z€e of slope minus one beiweew

the two assigned limits. The curve {s shown im Fig. 7. The arrowhwar o
I!'ne and the two short bars ind’cate th2 lmizes betweon whivh the m. us s20

)

power law should apply. The -iashed ilse ‘g (he temperature datr huiie

predicted by the Malius throry, equat ¢ h, The d sorepa oy hatw e

the theory a»d prese * exporio o) iz larg .

fit a small portior of the curve bepw2en the Limile w il o gtva’ght oz of



ahE

slope miaus ove. This suggests that there might be a teatative agreeme-t
with the Malkus thsory possibly off by a constant. But, this agroement

is quite margisval. Simce the curve shows a continuous chenge of slope,

it is really possible to £it any straight line of any slop® between -1/2 to -2
through a porticn of the curve. But it is not possible at all ¢o fit any part
of thz data to the z&l'[?’ law proposéd by Priestley.

Towneend 515) measured turbulent souvection of alv over a heated
horizomtal plate in 1957, Part of his experiment was for monveztion hetweon
parallel plates. Temperature distyibutions for threze Ravleigh numbexrs,
0.85 x 105p 3.7 x 105,, and 6.75 x 105 were measured, For the highest
Rayleigh rumber, axn cvérshootz of the temperature profile wear the upper
plate ougside the bouwndary layer was found. Townssad attributed it to the
onset of large circulations of dmensions similar to those of the whole
apparatus, The main part of the paper connernd measurements of
turbulent convection over a single heated horizontal surface, These date
should resemble the coavaction for very high Rayleigh mumbers. Towns@ad
was able to find 2 universal temperature profile based on his dim2r=ionless
parameters ao anrd Zo which were defised in hia paper. Thé uriversazl temp-

erature profile is

In T2/ TF) ~N , Z -
<=—=~——1——‘L_§-Ld_--_ —_rm, ;' ( _.__?.: ) = 3 S G " 7w
=+ N Jc:",/
F.s data agr=e with the Malkus theery = ot that the covatat i 3,0

rether than 2.0 as 2 juirad by the the Y.




Some of the tsmperature distributions in the pxzsent experiment
la T /TF

are put into the and < coordinates for comparison w.th

Townseénd's data, Fig(: 9. The gene:-a.l trend is the same; however,
the present cata show a much faster drop of temperature outside of the
boundary layer. Part of the discrepancy probably comes from Townsend's
uncertainty about the ambient temperature. The outside air current may
also have some effect on his open box apparatus,
I, The Onéet of Convection

For gases the fringe shift and temperature follow almost exactly
a straight line relation. Therefore, in the conduction regime where the
temperature distribution is linear, the fringes are straight. Wher convectioun
starts, the fringes start to bend. The fringes will bend more and more as
the Rayleigh number increases. One can define the deviation of a fringe
from a straight line at the wall as A. If one plots A vs, the Rayleigh number,
the point where A becomes zero would be the point of the onset of convection.
Since data are taken near the critical Rayleigh number, a ieast square
straight line fit is used to extrapolate back to the critical Rayleigh number.

Two series of runs have been made to find the critical Rayleigh
nurmnber. The two series of runs give results of Rac = 1789 and Ra = 17717,
The result of one of the runs is shown in Fig, 8,

Taking an average of the two runs, the critical Rayleigh number
is found to be 1783. The error is estimated to be £60. This is in close

agreement with the result of Thompson and Sogin. Rac = 1793 = 80 {16).

Their work is the only accurate measurement using gases as working fluids.
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CHAPTER IV

CONCLUDING REMARKS

From the present experiment the following conclusions can be
drawn:

1. The critical Rayleigh number for the onset of coavection n
4 horizoutal air layer heated from bzlow with rigid-rigid {sothermal
boundary conditions is experimentally found to be Ra = 1783 %£60.
The result is in very good agreement with recently reported results. It
is also in reasonable agreemeunt with the theoretical value of 1708,

The heat transfer by free convectior in a horizortal air layer
for Rayleigh numbers between 6 x 105 and 6 x 106 can be correlated as

Nu = 0.1777 (Raj?" 208

If one uses the usually assumed one-third power law over the whole range

of Ra, the correlation is

Nu = 0.063 ((Ra.}:l/3

For high Rayleigh numbers {Ra > 1.5 x 10639 one-third power law fits the

data well. The best £it is

Nu = 0.067 -ﬁRai)”3



The above correlations ai: in gocd agreement with previous
investigations using maialy high Prar.dtl pumber fluids.

3., The temperature distributions {n the fluid layer have the
general shape that ome would expect, but the experimentaily found temperature

e

distributions do mot show amy close agreernent with sxisting theorics. They

Malikus

omuly show 2 marginal agreement with the Z:'i power law of the
theory.

4. Although the contrest has been officlially evded, some more
data axe still belng taken for high Rayleigh mumbers, The few availzble
heat tramsfer date pofnts at Rayleigh sumbers around 10 2gree with equation
2} within approximately 8%. The agreement is good zensidering the ertent af

extrapolation.



B!BLIOGRAPHY

18 Eckert, E. R, G., R. M. Drake, and E, Soehngen, "Manufacture
of a Zehnder-Mach Interferometer,'" Air Force Rep, 5721, ASTi
N-34235 i1943).

P Eckert, E. R, G. and E, Soehngen, ''Studies or Heat Transfer in
Laminar Free Coavection with the Zehnder:Mach Interfercmeter, "
Air Force Rep, 5747, ASTi N-44580 {1948).

3. Eckert, E. R, G. and E. Soehngen, '"'Distribution of Heat Transfer
Coefficients around Circular Cylinders in Crossflow at Reynolds
Numbers from 20 to 500, ' Trams. ASME, 74, 343 {1952} .

4, Globe, S. and D. Dropkin, '"Matural Convection Heat Transfer in
Liuid Confined by Two Horizortal Plates and Heated from Below, "
Trana, ASME, J. Heat Transfer, g‘l‘, 24 {1959;.

5. O'Toole, J. L.. and P. L. Silveston, ''Correlation of Convective
Heat Transfer in Confined Horizontal Layers,' Chem. Erg. Progr.
Symposium Series, 57, No. 32, 8i 11961},

6. Herring, J. R., 'Imvestigation of Problems ir Thermal Convection. "
J. Atoms. Sci., 20, 325 {1963).

7. Herring, J. R., "Investigation of Problems in Thermal Convection:
Rigid Boundaries, ' J. Atmosph. Sci., 21, No. 3, 277 (1964].

8. Howard, L. N., "Heat Transport by Turbulent Convection, *
J. Fluid Mech,, 17, 405 {1963).

9. Fromm, J. E., '"Numorical Solutions of the Non-linear Equations
for a Heated Fluid Layer, " Phys. Fluids, 8, No. 10, 1757 {1965).

10. Deardorif, J. W., "A Pseudo-Three-Dimensional Numerical Study
of Thermal Turbulence, " J. Atmosph. Sci., 21, 419 {1964} .

11. Malkus, W. V., R., "Discrete Tryansitions in Turbulent Convection, "
Proc. Roy. Soc. London, Series A, i{g, 185 (1954]).

2. Ma‘lkusD W. V. R., "The Hea; Transfer and Spectrum of Tharmal
Turbulence, " Proc. Roy. Soc. Lomdon, Series A, 225, 196 [1954:.

13, Spiegel, E. A., '"On the Malkus Theory of Turbulence, ' p. 181,
Mecani jue de la Turbulence, Edition du CNRS, Paris [1962".




14.

15.

16,

Malkus, W, V. R., "Outline of a Theory of Turhuleant Convection, "

Theory and Fundamental Research in Heat Transfer, Proc, of the

Anrual Meeting of the Amerc. Soc. of Mech. Eng., New York,
Novemher, 1960, Ed. J. A. Clark, New York, Pergamon (1963).

Thomas, U. B. and Townsend, A. A., "Turbulent Convection over
a Heated Horizontal Surface, ' J. Fluid Mech., 2, 473 (1957).

Thompson, H. A. and M. M. Sogin, "Experiments on the Onset of
Thermal Convection in Horizontal Layers of Gases, ' J. Fluid
Mech., 24, 451 (1966).



NOILOFS ISdL FHI A0 DILVINAHOS TIVIHAO NV 1 *DI1d

UIng 9:0inicciid] Disuo)

uoypjnsuy|
wpo10.141S

A A 2jold /
N L wnuuny N

‘| awndy ap=iog UM
: fAOPUIAA [DO1dD W |




YALAWOHAIYIINI YIANHAZ -HOVIN JHL ANV NOILDJS

ISAI AHL 2 'DId

4

R e
e

-2 N




Aoﬁ:xm; < ®©Yy )

YHAVT HIV TVINOZIYOH V HONOYHI NOILODFAANOD d3¥ 4

€ DIg

b




AOO._.NQV ﬁ.MmV mOANQV

WYAAVT ¥IV TV INOZIYOH V HONOYHL NOILDAIANOD JIEA ¥y °"DId

wooct e Pt)POI0=0

oCToN

A — L] ... —P—-.—-—.QM—




FIG. 5 TURBULENT FREE CONVECTION

INTERPLATE TEMPERATURE = 9. 76°%¢
PLATE SPACING =17.15 cm

6
RAYLEIGH NUMBER = 4. 39 x 10
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FIG 7. TEMPERATURE DISTRIBUTION IN A HORIZONTAL

AIR LAYER (from bottom surface toward center)

The line marked M indicates the range of application
of the z ~ power law, The dashed line is the theoretical
temperature distribution from Malkus' Theory.
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